Plant Growth Promoting Rhizobacteria and Silicon Synergistically Enhance Salinity Tolerance of Mung Bean by Sajid Mahmood et al.
ORIGINAL RESEARCH
published: 17 June 2016
doi: 10.3389/fpls.2016.00876
Frontiers in Plant Science | www.frontiersin.org 1 June 2016 | Volume 7 | Article 876
Edited by:
Mohammad Anwar Hossain,
Bangladesh Agricultural University,
Bangladesh
Reviewed by:
Frantisek Baluska,
University of Bonn, Germany
Arafat Abdel Hamed Abdel Latef,
South Valley University, Egypt
*Correspondence:
Sajid Mahmood
smwatto@yahoo.com
Specialty section:
This article was submitted to
Plant Biotechnology,
a section of the journal
Frontiers in Plant Science
Received: 01 May 2016
Accepted: 03 June 2016
Published: 17 June 2016
Citation:
Mahmood S, Daur I, Al-Solaimani SG,
Ahmad S, Madkour MH, Yasir M,
Hirt H, Ali S and Ali Z (2016) Plant
Growth Promoting Rhizobacteria and
Silicon Synergistically Enhance Salinity
Tolerance of Mung Bean.
Front. Plant Sci. 7:876.
doi: 10.3389/fpls.2016.00876
Plant Growth Promoting
Rhizobacteria and Silicon
Synergistically Enhance Salinity
Tolerance of Mung Bean
Sajid Mahmood 1*, Ihsanullah Daur 1, Samir G. Al-Solaimani 1, Shakeel Ahmad 1,
Mohamed H. Madkour 2, Muhammad Yasir 3, Heribert Hirt 4, Shawkat Ali 4 and Zahir Ali 4
1Department of Arid Land Agriculture, King Abdulaziz University, Jeddah, Saudi Arabia, 2Department of Environmental
Sciences, King Abdulaziz University, Jeddah, Saudi Arabia, 3 King Fahd Medical Research Center, King Abdulaziz University,
Jeddah, Saudi Arabia, 4Center for Desert Agriculture, King Abdullah University of Science and Technology, Thuwal, Saudi
Arabia
The present study explored the eco-friendly approach of utilizing plant-growth-promoting
rhizobacteria (PGPR) inoculation and foliar application of silicon (Si) to improve the
physiology, growth, and yield of mung bean under saline conditions. We isolated
18 promising PGPR from natural saline soil in Saudi Arabia, and screened them
for plant-growth-promoting activities. Two effective strains were selected from the
screening trial, and were identified as Enterobacter cloacae and Bacillus drentensis using
matrix-assisted laser desorption ionization-time-of-flight mass spectrometry and 16S
rRNA gene sequencing techniques, respectively. Subsequently, in a 2-year mung bean
field trial, using a randomized complete block design with a split-split plot arrangement,
we evaluated the two PGPR strains and two Si levels (1 and 2 kg ha−1), in comparison
with control treatments, under three different saline irrigation conditions (3.12, 5.46,
and 7.81 dS m−1). The results indicated that salt stress substantially reduced stomatal
conductance, transpiration rate, relative water content (RWC), total chlorophyll content,
chlorophyll a, chlorophyll b, carotenoid content, plant height, leaf area, dry biomass,
seed yield, and salt tolerance index. The PGPR strains and Si levels independently
improved all the aforementioned parameters. Furthermore, the combined application of
the B. drentensis strain with 2 kg Si ha−1 resulted in the greatest enhancement of mung
bean physiology, growth, and yield. Overall, the results of this study provide important
information for the benefit of the agricultural industry.
Keywords: water relation, stomatal conductance, photosynthetic pigments, salt tolerance index, rhizobacteria
characterization-identification
INTRODUCTION
Salinity in agriculture is a global problem (Al-Karaki, 2006). Owing to low rainfall and high
evaporation in arid and semi-arid regions, salinity generates a low water potential in the soil,
making it difficult for plants to acquire water, and resulting in water deficit conditions (Mahajan
and Tuteja, 2005; Porcel et al., 2012). Salinity induces osmotic stress and ionic toxicity that leads to
secondary oxidative stress in plants (Ding et al., 2010; Ahmad et al., 2016). Thus, salinity negatively
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affects the physiology, growth, and yield of crops (Haghighi and
Pessarakli, 2013; Liu et al., 2015).
Numerous studies have reported the beneficial effect of silicon
(Si) on crop growth and yield for plants under biotic and abiotic
stress, but variable results have been reported for the beneficial
effects of Si accumulation in plant tissues among plant species
(Hodson et al., 2005; Ma and Yamaji, 2008; Abdel Latef and
Tran, 2016). In various laboratory and greenhouse experiments,
Si decreased the uptake of sodium (Na+) and chloride (Cl−)
ions in saline conditions (Abbas et al., 2015; Garg and Bhandari,
2015). In contrast, in soil and hydroponic culture, Si improved
crop growth, and yield under various stresses (Haghighi and
Pessarakli, 2013; Kochanová et al., 2014; Yin et al., 2014; Wang
et al., 2015). Although studies on the foliar application of Si have
been conducted, no systematic research has explored its effects on
physiology, growth, and yield of legume crops under saline stress
in field conditions.
Bacterial inoculants have recently been used for the
amelioration of salt stress in crop plants (Saravanakumar and
Samiyappan, 2007; Yue et al., 2007). Plant-growth-promoting
rhizobacteria (PGPR) are beneficial free-living soil-borne
bacteria that colonize plant roots and improve plant growth
through multiple mechanisms (Patten and Glick, 2002; Vessey,
2003). PGPR can improve plant growth via biological nitrogen
fixation, biosynthesis of phytohormones, nutrient solubilization,
nutrient uptake, and host plant resistance to biotic and abiotic
stresses (Kang et al., 2009; Richardson et al., 2009; Kang S. et al.,
2014). In addition, PGPR inoculation improves the plant growth
and yield of various crops under normal and stress conditions
(Arruda et al., 2013; Barnawal et al., 2014; Martínez et al., 2015).
The optimal PGPR for plant protection are those isolated from
the local environment (Zhang et al., 2004; Ahmad et al., 2013).
Therefore, in the present study, we isolated PGPR from plants
growing in saline conditions in Saudi Arabia, where natural
abiotic stresses (e.g., salt, drought, and high temperatures) affect
plants.
Mung bean is an important pulse crop that grows optimally
in drought conditions, but is negatively affected by salinity
(Ahmad et al., 2013). Thus, to effectively grow mung bean in
arid conditions, where drought and salinity generally co-exist,
the combined application of Si and PGPR was explored as a
possibility for improving different aspects of the crop under
saline conditions.
MATERIALS AND METHODS
Isolation of Rhizobacteria
The PGPR were isolated from the rhizosphere of mung bean
growing at the King Abdulaziz University’s agricultural research
station (Hada Al-Sham near Jeddah, Kingdom of Saudi Arabia),
as described by Piromyou et al. (2011). A dilution plating
technique with Luria Bertani (LB) agar medium was used for
the isolation of rhizobacteria (Camargo et al., 2003). Soil samples
(10 g) were added to 95mL of sterile water, and the resulting
suspensions were serially diluted (10−8). Aliquots (1mL) were
inoculated on plates containing LB agar medium. The plates
were incubated for 48 h at 27◦C, and bacterial colonies were
differentiated by their morphology, pigmentation, and growth
rate. Fast-growing colonies of bacteria were selected and purified
by streaking on a fresh agar plate of LB media. Pure cultures of
the strains were preserved in glycerol at -40◦C for subsequent use.
The rhizobacterial strains were coded (P1–P18).
Screening of Rhizobacteria
The 18 rhizobacterial isolates were screened for plant growth
promoting activities in mung bean (cultivar NFM-12-9) under
axenic conditions. An inoculum for each strain was prepared in
sterilized conical flasks using LB broth. Each flask, containing
60mL of sterilized LB broth, was inoculated with a selected
bacterial strain and incubated for 72 h at 28 ± 1◦C under
shaking (100 rpm) conditions. Prior to seed inoculation, an
optical density of 0.5 at 535 nm was achieved by dilution (108–
109 colony forming units mL−1). Mung bean seeds were surface
sterilized as described by Torres et al. (2013). Three surface-
sterilized seeds were dipped into the inocula for 10min and
placed in a Jiffy-7 R© autoclave (Jiffy Products International AS,
Norway). The experiment was a completely randomized design
with replicates in triplicate. Sterilized 0.5 × Hoagland solution
was used to supply water and nutrients to the plants. After 3
weeks, root and shoot growth parameters were recorded. The two
most effective strains, based on their plant growth promotion of
mung bean, were selected for field evaluation.
Characterization of Rhizobacteria
IAA (Indole acetic acid) production, in the presence or absence
of its precursor l-tryptophan, was determined for the selected
rhizobacteria, using the protocol described by Sarwar et al.
(1992). Exopolysaccharide synthesis was determined following
the method described by Ashraf et al. (2004), and siderophore
activity was assayed as described by Schwyn and Neilands (1987).
The phosphate solubilization ability of PGPR was observed in
the medium, following the methods described by Mehta and
Nautiyal (2001). Gram’s test was performed as described by
Vincent (1970), and 1-aminocyclopropane-1-carboxylate (ACC)
deaminase activity was determined using the method described
by Penrose and Glick (2003).
Identification of Selected Rhizobacteria
Strains
The selected purified isolates were identified using matrix-
assisted laser desorption ionization-time-of-flight mass
spectrometry (MALDI-TOF MS; Bruker Daltonics, Billerica,
Mass., U.S.A.), and matrix solution, in triplicate, as described by
Angelakis et al. (2014). The automatic acquisition of bacterial
spectra was performed using the Flex Control 3.0 software, and
the analysis was done using Biotyper 2.0 software. The threshold
score for identification was considered ≥1.9 (Angelakis et al.,
2014). Strains that were not identified by MALDI-TOF MS
were subjected to 16S rRNA gene sequencing, following the
procedure described by Yasir et al. (2009). Briefly, genomic DNA
was extracted from the isolate using 5% Chelex-100 solution and
boiled for 20min in 1.5mL tubes. The supernatant was used
as the template for the polymerase chain reaction (PCR). The
PCR amplification was performed for the 16S rRNA gene using
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universal primers 27F (5′-AGAGTTTGATCMTGGCTCAG-3′)
and 1492 R (5′-GGTTACCTTGTTACGACTT-3′), and using the
following conditions: 94◦C for 5min (1 cycle); 94◦C for 45 s,
55◦C for 45 s, and 72◦C for 1min (30 cycles); and 72◦C for 10min
(1 cycle). The purified PCR product was sequenced through
Sanger sequencing technology, using the ABI prism sequencer
3730 (Applied Biosystems, USA), following the manufacturer’s
protocol. To identify the related strain, the obtained sequence
was subjected to a BLAST search using the EzTaxon server
(http://eztaxon-e.ezbiocloud.net/). The sequence was aligned
using ClustalX, and a phylogenetic tree was constructed by
a distance (neighbor-joining) method using Mega4 software
(Tamura et al., 2013).
Field Trials
A 2-year (2014–15 and 2015–16) field trial was conducted
at agricultural research station, Hada Al-Sham (21◦48′3′′ N,
39◦43′25′′ E), Jeddah, Saudi Arabia under natural saline
conditions to evaluate the performance of the selected PGPR
strains and Si applications. Prior to the start of the experiment,
soil samples were taken from the experimental site and analyzed
for their physical and chemical properties (Table 1), according
to the methods described by Ryan et al. (2001). The experiment
was a randomized complete block design with a split-split plot
arrangement of four replicates, with saline irrigation as the main
plot, and Si and PGPR strains as the sub-sub plots (3×2m). At the
start of the experiment, a basal dose of NPK fertilizer (18:18:5), at
a rate of 400 kg ha−1, was applied to the plants.
Fresh cultures of Enterobacter cloacae and Bacillus drentensis
strains were prepared in broth media, as described above. For the
inoculation of mung bean seeds, a slurry was prepared consisting
of sterilized peat, a broth culture of the respective strains, and
sterilized sugar solution (10%) in the ratio 5:4:1 v/v (Ahmad
et al., 2012). Subsequently, mung bean seeds were coated with the
slurry at a rate of 50mL kg−1. For the uninoculated control, seeds
were coated with a similar mixture containing sterilized broth,
but without bacteria. In the field, seed spacing was 30 cm row-to-
row and 20 cm plant-to-plant. The crop was irrigated for 10min
eachmorning with saline water of EC 3.12, 5.46, and 7.81 dSm−1,
using automatic control drip irrigation. At the research station,
TABLE 1 | Physical and chemical properties of soil of the experimental site
used for the field trial.
Feature Unit Value
Sand % 75
Silt % 14
Clay % 11
Textural class – Sandy loam
Saturation percentage % 39
pHs – 7.73
ECe dS m−1 2.9
Organic matter % 0.63
Total nitrogen % 0.037
Available phosphorus mg kg−1 5.8
Extractable potassium mg kg−1 95
two sources of water were available with a salinity of EC 3.12 and
7.81 dS m−1, and saline water with EC 5.46 dS m−1 was prepared
by mixing the two sources. Si (0, 1, and 2 kg ha−1) was applied
to the foliage using split doses of potassium silicate at 10 and 30
d after germination. For the Si treatments of 1 and 2 kg ha−1, a
0.6 and 1.2 g Si L−1 solution, respectively, was applied per sub-
sub plot with a hand-operated sprayer. For the control treatment,
pure water was sprayed. All other agronomic practices were kept
uniform across the treatments throughout the experiment.
Stomatal Conductance and Transpiration
Rates
Stomatal conductance was measured at the abaxial surface of
the fully expanded leaves using a steady state leaf porometer
upgraded model SC-1 (Decagon, 2011) during the morning
hours. Before the measurements were taken, the instrument was
calibrated to ensure accurate readings. The transpiration rate was
calculated using the following equation:
Transpiration rate (E) = gs × VPD
where, gs, stomatal conductance; and VPD, vapor pressure deficit
calculated from air temperature and leaf temperature provided by
the porometer, using an online vapor pressure calculator (http://
www.srh.noaa.gov/epz/?n=wxcalc_vaporpressure).
Relative Water Content and Electrolyte
Leakage
Fresh, fully developed leaves from the top of randomly selected
plants were used to measure the relative water content (RWC)
and electrolyte leakage (EL). The leaves were collected, sealed in
plastic bags, and transported to the laboratory. After measuring
the fresh weights, leaves were immersed in distilled water for 24 h
in a refrigerator. Leaves were then placed over tissue paper for
blotting, and the fully turgid weight was measured. Finally, the
leaf samples were oven dried at 72◦C for 24 h, after which the
dry weight was recorded, and RWC was determined using the
equation previously described by Teulat et al. (2003).
RWC (%) =
Fresh weight− Dry weight
Fully turgid weight− Dry weight
× 100
For themeasurement of EL, the leaves were cut into uniform discs
with a paper puncher and transferred into test tubes containing
25mL deionized water. The test tubes were vortexed for 10 s,
and the initial electrical conductivity (EC0) of the solution was
measured. The test tubes were then refrigerated at 4◦C overnight
and assayed for EC1. Finally, the test tubes were autoclaved at
121◦C for 20min to determine EC2, and EL was calculated using
the formula described by Yang et al. (1996).
EL (%) =
EC1− EC0
EC2− EC0
× 100
Photosynthetic Pigments
Fresh leaves were used for chlorophyll measurements, following
the protocol described by Arnon (1949). Briefly, the chlorophyll
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was extracted by placing fresh leaf samples (0.5 g) in a shaker
with 80% acetone until the leaves were completely bleached.
The extract was centrifuged at 13,000 rpm for 10min, and
the supernatant was used to measure chlorophyll a (Chl a),
chlorophyll b (Chl b), and carotenoid at 663, 645, and 470 nm
absorbance, respectively, using a spectrophotometer.
Plant Growth, Yield, and Salt Tolerance
Index
At harvest, plant growth traits (e.g., leaf area at flowering, height,
dry biomass, and seed yield) were measured from three randomly
selected 1 m2 areas in each sub-sub plot. Leaf area was measured
according to Masle and Passioura (1987). Briefly, the length and
maximum width of the leaf was multiplied by the mung bean
leaf factor (0.84). The salt tolerance index (STI) was calculated
according to Shetty et al. (1995) as:
Salt tolerance index (STI) =
DWS or DWI
DWC
where, DWI, dry weight of stressed plant; DWI, dry weight of Si
treated inoculated plant; DWC, dry weight of unstressed, non-Si
treated uninoculated plants.
Data Analysis
The data collected from screening and field trials were analyzed
using Statistix 8.1 software. The means were compared using the
LSD test (P ≤ 0.05; Steel et al., 1997).
RESULTS
Performance of PGPR in Screening Trial
For most of the isolates, shoot and root fresh weights were
significantly (P ≤ 0.05) higher for the inoculated mung bean
seedlings than for the uninoculated (control) seedlings (Table 2).
However, among the tested isolates, the rhizobacterial isolates P6
(E. cloacae) and P16 (B. drentensis) showed the greatest potential
for promoting plant growth of mung bean seedlings.
Inoculation of rhizobacterial strains showed significant results
for shoot fresh weight. All the tested strains increased the shoot
fresh weight of mung bean over that of the control, with the
highest shoot fresh weight noted for the P16 and P6 strains
(Table 2). Rhizobacterial inoculation significantly increased the
root fresh weight of mung bean seedlings over that of the control,
except for the P3, P7, P12, and P13 strains. A marked increase in
root fresh weight was noted for the P16 and P6 strains (Table 2).
Shoot length also increased significantly in mung bean plants
when inoculated with rhizobacterial strains, except for the P4,
P10, P14, and P15 inoculated seedlings (Table 2). The highest
values for shoot length were noted for P6 and P16. Significant
increases in root length were also recorded for the P2, P5, P6, and
P16 strains (Table 2). However, strains P10, P14, and P17 had no
significant effect on root length in mung bean seedlings.
Characterization and Identification of
Rhizobacteria
In the presence and absence of L-tryptophan, higher IAA
production was noted for P16 than for P6 (Table 3).
TABLE 2 | Screening of rhizobacteria for plant growth promotion of mung bean under gnotobiotic conditions.
Strain Shoot fresh weight (g) Root fresh weight (g) Shoot length (cm) Root length (cm)
Control 0.30 ± 0.035j 0.20 ± 0.013i 11.33 ± 0.721h 10 ± 0.708e
P1 0.563 ± 0.029bc 0.543 ± 0.033b 18.67 ± 0.982bc 16.67 ± 0.982a–c
P2 0.533 ± 0.047b–e 0.480 ± 0.012bc 15 ± 0.944d–g 17.33 ± 0.721ab
P3 0.463 ± 0.038c–g 0.220 ± 0.012i 16 ± 0.817c–f 16.33 ± 0.954a–c
P4 0.406 ± 0.032f–j 0.396 ± 0.039d–f 14 ± 0.944e–h 14.67 ± 0.491cd
P5 0.540 ± 0.026b–d 0.420 ± 0.018c–e 16.33 ± 0.982c–f 18 ± 0.817a
P6 0.573 ± 0.022b 0.636 ± 0.034a 22.33 ± 0.982a 17 ± 0.472ab
P7 0.430 ± 0.049e–h 0.250 ± 0.029hi 19.67 ± 1.18ab 16 ± 0.944a–c
P8 0.470 ± 0.035b–g 0.350 ± 0.032fg 18.33 ± 0.982bc 15.33 ± 0.583b–d
P9 0.530 ± 0.035b–e 0.440 ± 0.017cd 19.67 ± 0.982ab 15.33 ± 0.545b–d
P10 0.320 ± 0.046ij 0.420 ± 0.017c–e 13.33 ± 0.721f–h 10.33 ± 0.272e
P11 0.373 ± 0.02g–j 0.440 ± 0.023cd 15.67 ± 0.721c–g 15.33 ± 0.466b–d
P12 0.413 ± 0.033f–i 0.250 ± 0.012hi 16 ± 0.472c–f 15.67 ± 0.537bc
P13 0.533 ± 0.023b–e 0.250 ± 0.017hi 17.67 ± 0.272b–d 13.33 ± 0.272d
P14 0.333 ± 0.02h–j 0.300 ± 0.023gh 13.33 ± 0.721f–h 10.67 ± 0.691e
P15 0.316 ± 0.05ij 0.360 ± 0.035e–g 12.67 ± 0.272gh 15.33 ± 0.721b–d
P16 0.736 ± 0.052a 0.656 ± 0.018a 22 ± 0.817a 18 ± 0.472a
P17 0.503 ± 0.049b–f 0.320 ± 0.017g 18.67 ± 0.272bc 11 ± 0.33e
P18 0.443 ± 0.052d–g 0.420 ± 0.023c–e 17 ± 1.70b–e 13.33 ± 0.759d
LSD 0.109 0.0683 3.088 2.288
Data represent the means ± SE of three repeats. Means having different letters are significantly different at P ≤ 0.05 according to LSD.
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Exopolysaccharides production and phosphate solubilization
activity were observed in both strains. In addition, P16 was
able to synthesize siderophores, whereas P6 was not. Likewise,
ACC-deaminase activity was noted only for P16.
Strain P6 was identified as Enterobacter cloacae based on a
MALDI-TOF spectral score of>1.9. Strain P16 was not identified
by the MALDI-TOF technique, but the 16S rRNA gene sequence
of the strain showed 100% sequence similarity with that of
Bacillus drentensis strain LMG 21831 (AJ542506). The other
closely related strains were Bacillus vireti and Bacillus soli. In the
phylogenetic tree, P16 joined the cluster comprising the Bacillus
drentensis species with 99% bootstrap support (Figure 1).
Field Trial
Stomatal Conductance and Transpiration Rates
Stomatal conductance and transpiration rates decreased with
increasing salinity (Table 4). On the other hand, Si and PGPR
(P16 > P6) increased stomatal conductance and transpiration
rates under salt stress conditions (Table 4). The 2 kg Si ha−1 foliar
spray enhanced the stomatal conductance and transpiration rate
by 42.15 and 94.67%, respectively, over that of the control (no
Si spray). A higher stomatal conductance (0.394mmol m−2 S−1)
and transpiration rate (3.644mmol m−2 S−1) were noted for
the P16 treatment than for the P6 and control treatments. For
these parameters, there were significant (P ≤ 0.01) interactions
between salinity× silicon (S× Si) and salinity× PGPR strain (S
TABLE 3 | Plant growth promoting characteristics of selected
rhizobacterial isolates.
Isolates IAA production ACC-deaminase EPS PS Sid Gram test
(mg L−1) (µmol mg−1h−1)
Without With
L-TRP L-TRP
P16 3.86 27.53 0.17 + + + +ve
P6 3.59 24.86 0.0 + + − −ve
IAA, Indole acetic acid; L-TRP, L-Tryptophan; ACC, 1-aminocyclopropane-1-carboxylate;
EPS, Exopolysaccharide activity; PS, Phosphate solublization; Sid, Siderophore activity.
FIGURE 1 | Phylogenetic tree of P16 strain (Bacillus drentensis).
× P), whereas the interaction of silicon × PGPR strain (Si × P)
was not significant (P ≤ 0.05) for stomatal conductance, but
significant (P ≤ 0.01) for the transpiration rate. The mean
values of the S × Si interaction (Table 7) indicated that the
highest values for stomatal conductance (0.561mmol m−2 S−1)
and transpiration rate (6.808mmol m−2 S−1) for the 2 kg Si ha−1
treatment was for the 3.12 dS m−1 saline irrigation, followed by
the 5.46 and 7.81 dS m−1 treatments. Similarly, for the S × P
interaction (Table 7), the highest stomatal conductance (12.72%),
and transpiration rate (29.23%) was noted for the P16 strain
in the 3.12 dS m−1 treatment. The lowest values for stomatal
conductance and transpiration rate were noted for the control
treatment with the 7.81 dS m−1 saline irrigation. Under the same
salinity level, the stomatal conductance and transpiration rate
were 70.42 and 124.73% higher, respectively, in the P16 treatment
than in the control treatment. The Si × P interaction (Table 8)
indicated that, compared to the uninoculated, non-Si control
treatment, the highest improvement in transpiration rate was for
the P16 strain with 2 kg Si ha−1, followed by the P6 strain.
Relative Water Content and Electrolyte Leakage
Significant differences (P ≤ 0.01) in the RWC of mung bean
were observed for saline irrigation, Si, and bacterial inoculation
(Table 4). Salt stress induced a marked decline in RWC, with
the lowest RWC noted for the 7.81 dS m−1 saline treatment.
Conversely, 1 and 2 kg Si ha−1 significantly increased the RWC
by 16.28 and 21.45%, respectively, over that of the non-Si control.
Similarly, bacterial inoculation had a significant effect on RWC,
with the highest value noted for the P16 strain. Si and bacterial
inoculation clearly increased the RWC, whereas saline irrigation
decreased this parameter. In addition, there was a significant
(P ≤ 0.01) interaction of S × Si for RWC. The highest RWC
(86.23%) was noted for the 2 kg Si ha−1 treatment with the 3.12
dS m−1 saline irrigation; the lowest RWC (55.52%) was noted
for the non-Si control treatment with the 7.81 dS m−1 saline
irrigation (Table 7).
For EL, the individual effect of all treatments was significant
(P ≤ 0.01; Table 4). EL increased with increasing irrigation
salinity, whereas it decreased for Si (2 kg Si ha−1 < 1 kg Si ha−1)
and for the strains (P16 < P6). Table 4 shows the significant
(P ≤ 0.01) interactions of S × Si and S × P for EL. The S ×
Si interaction means (Table 7) indicated a significant reduction
(24%) in EL for the 2 kg Si ha−1 treatment under severe salinity
stress (7.81 dS m−1), from that of the non-Si treatment. The S
× P interaction revealed the highest EL for the uninoculated
control with a 7.81 dS m−1 salinity level, and the lowest EL for
the P16 inoculation with a 3.12 dSm−1 salinity level. For all levels
of saline irrigation, EL was significantly lower for the P16 and
P6 treatments than for the uninoculated control treatment. In
particular, the P16 strain repressed the negative effects of the salt
stress by decreasing EL by 46.77 and 46.25% in the 5.46 and 7.81
dS m−1 saline treatments, respectively, from that of the control.
Photosynthetic Pigments
Photosynthetic pigments (total chlorophyll content, Chl a, Chl
b, and carotenoids) were significantly (P ≤ 0.01) affected by
all the treatments (Table 5). An increase in salinity decreased all
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TABLE 4 | Effect of foliar application of silicon and bacterial inoculation on stomatal conductance (gs), transpiration rate (E), relative water content
(RWC), and electrolyte leakage (EL) of mung bean under different levels of saline irrigation.
gs (mmol m−2 S−1) E (mmol m−2 S−1) RWC (%) EL (%)
SALINITY (dS m−1)
3.12 0.469 ± 0.022a 4.423 ± 0.328a 83.77 ± 1.50a 12.65 ± 0.242c
5.46 0.275 ± 0.023 b 3.271 ± 0.287b 78.97 ± 2.01b 18.19 ± 0.993b
7.81 0.197 ± 0.009b 1.337 ± 0.084c 70.83 ± 2.39c 23.99 ± 1.30a
LSD 0.081 0.398 3.80 1.016
SILICON (kg ha−1)
0 0.257 ± 0.020c 2.253 ± 0.181b 69.16 ± 2.32b 19.82 ± 1.37a
1 0.319 ± 0.025b 2.391 ± 0.186b 80.42 ± 1.61a 18.53 ± 1.19b
2 0.365 ± 0.032a 4.386 ± 0.433a 84.00 ± 1.75a 16.49 ± 1.05c
LSD 0.025 0.212 4.77 0.609
PGPR STRAIN
Uninoculated 0.243 ± 0.027c 2.024 ± 0.269c 69.94 ± 2.24b 24.58 ± 1.47a
P6 0.304 ± 0.025b 3.367 ± 0.320b 80.21 ± 1.60a 15.75 ± 0.580b
P16 0.394 ± 0.021a 3.644 ± 0.343a 83.42 ± 2.01a 14.51 ± 0.598c
LSD 0.027 0.2404 3.24 0.544
SIGNIFICANCE
Salinity (S) ** ** ** **
Silicon (Si) ** ** ** **
PGPR Strain (P) ** ** ** **
S × Si ** ** ** **
S × P ** ** ns **
Si × P ns ** ns ns
S × Si × P ns ns ns ns
Data represent the means ± SE of four replicates. Means having different letters are significantly different at P ≤ 0.05 according to LSD. ns not significant at P ≤ 0.05; **significant at
P ≤ 0.01.
the photosynthetic pigments. Si and rhizobacterial inoculation
increased the photosynthetic pigments, with 2 kg Si ha−1 and the
P16 strain being the most effective (Table 5). The mean values for
the S × Si and S × P interactions (Table 7) revealed that, for the
3.12 dS m−1 salinity level, the 2 kg Si ha−1 treatment and the P16
strain had the highest values for Chl a (0.787 g kg−1) and total
chlorophyll (1.123 g kg−1), respectively. The highest reduction in
Chl a and total chlorophyll content occurred under severe saline
stress (7.81 dS m−1). However, at this salinity level, 2 kg Si ha−1
and P16 inoculation mitigated the adverse salt stress effects by
increasing the Chl a and total chlorophyll content by 37.26 and
25.15%, respectively, over their respective control treatments.
Moreover, there were significant (P ≤ 0.05) Si × P interactions
for Chl a and Chl b, with plants treated with P16 and 2 kg Si
ha−1 maintaining an increase of 12.67 and 51.45%, respectively,
compared to the non-Si uninoculated control (Table 8).
Plant Height
Salinity considerably reduced the plant height of mung bean
(Table 6). A significant (P ≤ 0.01) reduction in plant height
was observed for increasing levels of salinity (3.12 to 7.81
dS m−1). In contrast, plant height significantly (P ≤ 0.01)
increased with increasing doses of Si. Likewise, P6 and P16
inoculations significantly (P ≤ 0.01) increased plant height by
14.48 and 27.17%, respectively, over that of the uninoculated
control. Significant (P ≤ 0.01) interactions were observed for
S × P and Si × P, whereas the S × Si and S × Si × P
interactions were not significant (P ≤ 0.05). The interaction of
S × P revealed that, for all salinity treatments, plant height was
significantly higher for P16 than for P6 and the uninoculated
control (Table 7). The highest plant height (53.44 cm) was noted
for plants inoculated with the P16 strain and subjected to weak
salinity stress (3.12 dS m−1). A marked decline in plant height,
35.21 and 28.59 cm, was noted for uninoculated plants at the
5.46 and 7.81 dS m−1 salinity levels, respectively. Furthermore,
the Si × P interaction revealed that the P16 strain with the
2 kg Si ha−1 resulted in the highest plant height, whereas the
lowest plant height was noted for the uninoculated, non-Si plants
(Table 8).
Leaf Area
Salinity stress significantly (P ≤ 0.01) reduced the leaf area
of mung bean (Table 6), whereas increased application of
Si significantly increased leaf area. Rhizobacterial inoculation
significantly increased leaf area, with a higher leaf area noted for
P16 than for P6 and the uninoculated control. In addition, there
were significant (P ≤ 0.01) S × Si and S × P interactions for the
leaf area of mung bean (Table 6).
Mean values for the S × Si interaction (Table 7) suggested
that the highest leaf area (410.66 cm2 plant−1) was for the 2 kg
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TABLE 5 | Effect of foliar application of silicon and bacterial inoculation on total chlorophyll content, chlorophyll a (Chl a), chlorophyll b (Chl b), and
carotenoids of mung bean under different levels of saline irrigation.
Total Chlorophyll (g kg−1) Chl a (g kg−1) Chl b (g kg−1) Carotenoids (mg kg−1)
SALINITY (dS m−1)
3.12 1.059 ± 0.031a 0.616 ± 0.031a 0.530 ± 0.024a 3.383 ± 0.149a
5.46 0.865 ± 0.034b 0.419 ± 0.015b 0.298 ± 0.021b 1.897 ± 0.147b
7.81 0.756 ± 0.026c 0.312 ± 0.009c 0.224 ± 0.020b 1.226 ± 0.102b
LSD 0.057 0.091 0.103 0.722
SILICON (kg ha−1)
0 0.765 ± 0.031c 0.358 ± 0.024c 0.250 ± 0.023c 1.851 ± 0.191c
1 0.893 ± 0.038b 0.450 ± 0.020b 0.375 ± 0.031b 2.136 ± 0.193b
2 1.022 ± 0.029a 0.539 ± 0.034a 0.426 ± 0.031a 2.519 ± 0.209a
LSD 0.078 0.034 0.047 0.257
PGPR STRAIN
Uninoculated 0.786 ± 0.040c 0.398 ± 0.031c 0.266 ± 0.027c 1.893 ± 0.193c
P6 0.910 ± 0.032b 0.454 ± 0.026b 0.357 ± 0.029b 2.142 ± 0.190b
P16 0.984 ± 0.031a 0.495 ± 0.028a 0.428 ± 0.030a 2.471 ± 0.214a
LSD 0.054 0.029 0.027 0.181
SIGNIFICANCE
Salinity (S) ** ** ** **
Silicon (Si) ** ** ** **
PGPR Strain (P) ** ** ** **
S × Si ns ** ns ns
S × P ** ns ns ns
Si × P ns * * ns
S × Si × P ns ns ns ns
Data represent the means ± SE of four replicates. Means having different letters are significantly different at P ≤ 0.05 according to LSD. ns, not significant at P ≤ 0.05; *significant at P
< 0.05; **significant at P ≤ 0.01.
Si ha−1 treatment with 3.12 dS m−1 of saline irrigation. The
lowest leaf area (192.16 cm2 plant−1) was observed for the 7.81
dS m−1 saline irrigation in plots where no Si was applied.
Similarly, the S × P interaction (Table 7) indicated a higher
leaf area for P16 inoculated plants under low saline stress (3.12
dS m−1), and a lower leaf area for uninoculated plants under
high salinity conditions (7.81 dS m−1). For the different salinity
treatments, 3.12, 5.46, and 7.81 dS m−1, leaf area increased
by 85, 56, and 126% for the P16 strain and by 26, 23, and
96% for the P6, respectively, over that of the uninoculated
control.
Dry Biomass
Dry biomass production for mung bean was severely decreased
by saline irrigation, whereas it increased with the application
of Si and rhizobacterial inoculation (Table 6). Furthermore,
significant (P ≤ 0.01) interactions were observed for S × Si
and S × P for dry biomass production. The S × Si interaction
revealed that the highest dry biomass was for the 2 kg Si ha−1
treatment under the low saline irrigation conditions, whereas
the lowest dry biomass was observed for the 7.81 dS m−1 plots
without Si (Table 7). Likewise, the S× P interaction showed that
P16 enhanced dry biomass under all salinity stress levels, with
the highest biomass (12.36 t ha−1) noted for P16 plants in the
3.12 dS m−1 treatment, and the lowest biomass (1.658 t ha−1)
noted for the uninoculated plants in the 7.81 dS m−1 treatment
(Table 7). In the 7.81 dS m−1 treatment, inoculation with the P6
and P16 strains significantly increased the dry biomass of mung
bean by 38 and 71%, respectively, over that of the uninoculated
plants.
Seed Yield
Salinity significantly (P ≤ 0.01) decreased the seed yield of
mung bean, whereas increasing rates of Si and rhizobacterial
inoculation (P16 > P6) increased seed yield (Table 6). Moreover,
there were significant (P ≤ 0.01) S × Si and S × P interactions
for the seed yields of mung bean.
The S× Si interaction (Table 7) revealed that the highest seed
yield (3.45 t ha−1) was recorded for 2 kg Si ha−1 under 3.12 dS
m−1 salinity, and the lowest yield (0.46 t ha−1) was recorded
for the non-Si control under 7.81 dS m−1 salinity. The 2 kg Si
ha−1 treatment significantly improved the seed yield by 119%
over that of the non-Si control, under 7.81 dS m−1 salinity. For
all levels of salinity stress, 1 kg Si ha−1 had no significant effect
on seed yield. The S × P interaction (Table 7) showed that P16
was a potential strain for enhancing seed yield under all levels of
salinity, with maximum yield (2.72 t ha−1) noted for the 3.12 dS
m−1 treatment. Saline stress at 7.81 dS m−1 significantly reduced
seed yields, and the lowest value (0.552 t ha−1) was recorded for
the uninoculated control.
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TABLE 6 | Effect of foliar application of silicon and bacterial inoculation on plant height, leaf area, dry biomass, seed yield, and salt tolerance index of
mung bean under different levels of saline irrigation.
Plant height (cm) Leaf area (cm2/plant) Dry biomass (t ha−1) Seed yield (t ha −1) Salt tolerance index
SALINITY (dS m−1)
3.12 47.82 ± 0.913a 355.11 ± 18.96a 10.72 ± 0.321a 2.574 ± 0.121a –
5.46 39.01 ± 0.769b 286.96 ± 13.12b 5.16 ± 0.207b 1.456 ± 0.094b 0.601 ± 0.024a
7.81 35.62 ± 0.981c 210.86 ± 12.13c 2.26 ± 0.098c 0.646 ± 0.048c 0.264 ± 0.011b
LSD 0.961 28.06 0.277 0.224 0.032
SILICON (kg ha−1)
0 38.95 ± 1.093c 240.04 ± 15.00c 5.39 ± 0.572c 1.230 ± 0.128c 0.375 ± 0.037c
1 40.70 ± 1.236b 286.34 ± 16.90 b 6.10 ± 0.628b 1.339 ± 0.131b 0.442 ± 0.043b
2 42.80 ± 1.310a 326.57 ± 18.93a 6.65 ± 0.684a 2.107 ± 0.181a 0.480 ± 0.044a
LSD 1.06 15.79 0.308 0.099 0.025
PGPR STRAIN
Uninoculated 35.84 ± 1.131c 202.1 ± 12.44 c 5.07 ± 0.542c 1.320 ± 0.153c 0.349 ± 0.035c
P6 41.03 ± 0.783b 281.65 ± 11.07 b 5.78 ± 0.607b 1.530 ± 0.165b 0.394 ± 0.030b
P16 45.58 ± 1.184a 369.18 ± 17.32 a 7.28 ± 0.691a 1.826 ± 0.157a 0.553 ± 0.047a
LSD 0.948 14.98 0.351 0.129 0.0182
SIGNIFICANCE
Salinity (S) ** ** ** ** **
Silicon (Si) ** ** ** ** **
PGPR Strain (P) ** ** ** ** **
S × Si ns ** ** ** **
S × P ** ** ** ** **
Si × P ** ns ns ns *
S × Si × P ns ns ns ns ns
Data represent the means ± SE of four replicates. Means having different letters are significantly different at P ≤ 0.05 according to LSD. ns, not significant at P ≤ 0.05; *significant at
P ≤ 0.05; **significant at P ≤ 0.01.
Salt Tolerance Index
The STI was significantly (P ≤ 0.01) affected by salinity, Si,
and rhizobacterial strains (Table 6). Moreover, S × Si, S × P
(P ≤ 0.01), and Si × P (P ≤ 0.05) interactions were significant,
whereas the S× Si× P interaction was not significant (P ≤ 0.05).
The S × Si interaction (Table 7) showed that the highest STI
(0.662) noted for the 2 kg Si ha−1 treatment with 5.46 dS m−1
saline stress, and the lowest STI (0.237) noted for the non-Si
plots with 7.81 dS m−1 saline irrigation. Table 7 also shows the
S × P interaction, with the P16 strain increasing STI by 35 and
71% under 5.46 and 7.81 dS m−1 of saline irrigation, respectively,
over that of the uninoculated controls. The Si × P interaction
(Table 8) revealed that the highest increase in STI (0.588) was
recorded for the P16 inoculated plants with 2 kg Si ha−1, whereas
the lowest STI (0.289) was observed for the uninoculated, non-Si
plants.
DISCUSSION
In this 2-year field study, foliar spray of Si (1 and 2 kg ha−1)
and two PGPR strains (Enterobacter cloacae, P6 and Bacillus
drentensis, P16) were evaluated for their effect on the growth and
physiology of mung bean under saline irrigation conditions. Our
data suggest that the combined use of Si and PGPR is an effective
approach for maximizing mung bean productivity on marginal
land with saline water. The combined effects of Si and PGPR
help the mung bean plants acclimatize to saline conditions by
modifying a variety of plant physiological processes, including
stomatal conductance, transpiration rate, water relations, and
synthesis of photosynthetic pigments, thereby improving growth
(plant height, leaf area, and dry biomass) and seed yield.
Currently, global efforts are underway to isolate rhizobacterial
strains and to screen and characterize the strains for maximizing
crop production in stress and non-stress conditions. Many
bacterial genera, including Arthrobacter, Azospirillum,
Bacillus, Enterobacter, Pseudomonas, Rhizobium, Acinetobacter,
Burkholderia, etc., perform plant growth promoting (PGP)
activities in different crop plants (Won-I et al., 2011; Arruda
et al., 2013; Hussain et al., 2014). In the first part of our study,
18 PGPR strains were tested for PGP activities in mung bean.
Among the tested strains, P16 (Bacillus drentensis) and P6
(Enterobacter cloacae) were the most promising for growth
promotion (i.e., leading to the greatest improvements in root
or shoot length, and root or shoot fresh weight) of mung
bean. Both of these strains have IAA production, phosphate
solubilization, and exopolysaccharide activity, and these traits
might be the cause of the noted plant growth promotion (Zahir
et al., 2004; Nadeem et al., 2010; Arruda et al., 2013; Günes et al.,
2014). This potential causal relationship is supported by Arruda
et al. (2013) who noted that inoculation of maize seedlings
with Achromobacter sp. and Burkholderia sp., possessing IAA
and phosphate solubilization activity, significantly enhanced
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TABLE 8 | Interaction between silicon and PGPR strain on growth and physiology of mung bean.
Silicon (kg ha−1) PGPR strain Chl a (g kg−1) Chl b (g kg−1) E (mmol m−2 S−1) Plant height (cm) Salt tolerance index
0 Un-inoculated 0.264 ± 0.031 0.197 ± 0.037 1.489 ± 0.300 34.83 ± 2.16 0.289 ± 0.048
P16 0.432 ± 0.041 0.293 ± 0.039 2.704 ± 0.284 41.48 ± 1.55 0.516 ± 0.073
P6 0.380 ± 0.040 0.260 ± 0.042 2.569 ± 0.246 40.54 ± 1.39 0.319 ± 0.038
1 Un-inoculated 0.419 ± 0.044 0.268 ± 0.051 1.656 ± 0.334 36.02 ± 1.99 0.367 ± 0.064
P16 0.477 ± 0.032 0.482 ± 0.042 2.918 ± 0.257 45.48 ± 2.09 0.553 ± 0.086
P6 0.456 ± 0.025 0.377 ± 0.050 2.600 ± 0.272 40.61 ± 1.45 0.405 ± 0.063
2 Un-inoculated 0.513 ± 0.059 0.334 ± 0.045 2.916 ± 0.618 36.68 ± 1.83 0.392 ± 0.069
P16 0.578 ± 0.065 0.511 ± 0.053 5.312 ± 0.773 49.81 ± 1.84 0.588 ± 0.095
P6 0.527 ± 0.059 0.435 ± 0.052 4.932 ± 0.713 41.94 ± 1.29 0.460 ± 0.048
LSD 0.051 0.047 0.415 1.64 0.031
Means having difference greater than LSD values are significant at P ≤ 0.05.
the dry weight of root and shoot. Similar effects of PGPR
inoculation on plant growth promotion have been observed by
various researchers in other crops, including wheat (Kudoyarova
et al., 2014), corn (Piromyou et al., 2011), mung bean (Ahmad
et al., 2011), and peanut (Dey et al., 2004). Furthermore, the
outstanding performance of P16, compared to that of P6, could
be due to its siderophore production, which helps the plant in
iron acquisition (Qi and Zhao, 2013), and its ACC-deaminase
activity, which protects the plant from the deleterious effect of
different stresses by suppressing ethylene synthesis (Barnawal
et al., 2014).
In the second part of our study, the interactive effect of
Si and rhizobacterial inoculation on salt tolerance of mung
bean was studied under natural field conditions using saline
irrigation. Our results revealed that gaseous exchanges, such
as stomatal conductance and transpiration rate, are adversely
affected by salt stress. The reduction in stomatal conductance
may be due to the salinity causing damage to the surface of
stomata (Gunes et al., 2007; Acosta-Motos et al., 2015). The
reduction in transpiration rate may be attributed to reduction in
stomatal conductivity, which occurs because the stomata close to
maintain cell turgor under osmotic stress (Chedlia et al., 2007). In
our study, plants treated with Si and rhizobacterial inoculation
exhibited increased stomatal conductance and transpiration
rate under saline irrigation conditions, which likely indirectly
improved the photosynthetic rate, leading to increased growth,
and yield of mung bean (Ahmad et al., 2012, 2013). Our results
are supported by those of Farshidi et al. (2012), who noted
increased transpiration rates and stomatal density in canola
in response to Si application under salt stress. More recently,
Shi et al. (2013) and Abbas et al. (2015) reported that Si
application increased photosynthetic rate, stomatal conductance,
transpiration rate, and water use efficiency in tomato and
okra, respectively, under salt stress. Similarly, bacteria have
been reported to alleviate salinity stress by improving stomatal
conductance and transpiration in sweet pepper (del Amor
and Cuadra-Crespo, 2012) and mung bean (Ahmad et al.,
2013).
A decrease in relative leaf water content is a typical plant
response to osmotic stress (Fahad et al., 2015). In our study, RWC
increased for the Si and bacterial inoculated treatments under
salt stress. This is an indication of enhanced water uptake due
to the Si foliar spray and/or bacterial inoculation under saline
conditions. Similar to our results, application of Si improved the
RWC in salt-stressed wheat (Bybordi, 2014), sorghum (Yin et al.,
2013; Liu et al., 2015), and tomato (Li et al., 2015). Furthermore,
Nadeem et al. (2010) and Ahmad et al. (2013) noted increased
RWC of wheat and mung bean, respectively, due to bacterial
inoculation under saline conditions. Bacterial inoculation may
reduce the inhibitory effect of salt stress on the roots and aid
in the develop of more effective root systems, which could help
plants absorb relatively more water from deeper soil under stress
conditions (Marulanda et al., 2010).
Salinity stress damages the cell membrane due to increased EL
(Tuna et al., 2008). Our results showed that EL increased with
increasing salinity levels, which indicates more cell membrane
damage at higher salinity levels. However, Si and bacterial
inoculation reduced EL, which likely resulted in less membrane
damage. Similar results were noted by Tuna et al. (2008) and
Haghighi and Pessarakli (2013), who reported that Si application
decreased the EL in salt-stressed wheat and tomato, respectively,
from that in non-Si treated salt stressed plants. In addition, PGPR
inoculation reduced cell membrane damage in salt-stressed
maize (Marulanda et al., 2010) and cucumber (Kang S. M. et al.,
2014), from that in the uninoculated control.
In the current study, Si foliar spray and bacterial inoculation
increased the photosynthetic pigments (total chlorophyll, Chl
a, Chl b, and carotenoids content) of mung bean under saline
conditions. Similar to our results, Si applications have been noted
to increase photosynthetic pigments in important agricultural
crops under saline conditions, including wheat (Tuna et al.,
2008; Chen et al., 2014), canola (Farshidi et al., 2012), soybean
(Lee et al., 2010), and tomato (Haghighi and Pessarakli, 2013).
In addition, the ameliorating effect of PGPR inoculation on
chlorophyll content was observed in canola (Jalili et al., 2009),
wheat (Nadeem et al., 2010), mung bean (Ahmad et al., 2013),
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pea (Barnawal et al., 2014), and soybean (Kang S. et al., 2014).
Wu et al. (2015) observed a positive correlation between leaf
tissue chlorophyll content and overall plant salinity tolerance. An
elevated synthesis of chlorophyll content in plants leads to higher
photosynthetic rate and starch production, which might support
plant growth improvement under stress conditions (Kang S. et al.,
2014).
Our results revealed that salinity significantly decreased the
growth and yield of mung bean. However, Si and bacterial
inoculation alleviated the harmful effects of salinity on growth
and yield of mung bean. This growth improvement in the
presence of Si under saline stress might be correlated with the
maintenance of plant-water relations and membrane stability,
increased photosynthetic pigments, and modification of gas
exchange attributes (Haghighi and Pessarakli, 2013; Shi et al.,
2013; Liu et al., 2015). In a previous study, Si application
improved the shoot length and plant dry weight in salt stressed
soybean (Lee et al., 2010). Other previous studies have also
reported beneficial effects of Si on growth and yield of various
cultivated plant species under salt stress conditions (Romero-
Aranda et al., 2006; Farshidi et al., 2012; Yin et al., 2013; Chen
et al., 2014). In addition, PGPR are widely reported to improve
growth and development of different crops under salt stress
conditions, both in axenic and field studies (Nadeem et al.,
2010, 2013; Ahmad et al., 2011, 2012, 2013; Barnawal et al.,
2014; Kang S. et al., 2014). The enhanced mung bean growth
under saline conditions, due to bacterial inoculation, might be
attributed to bacterial IAA activity, which has a tremendous
effect on root growth, and water and nutrient absorption from
a greater soil volume (Principe et al., 2007). Likewise, bacterial
ACC-deaminase activity likely diluted the effect of salinity on
plant growth by lowering the accelerated synthesis of ethylene,
which inhibits root growth (Ahmad et al., 2011). This might
be due to the hydrolysis of ACC, the immediate precursor of
ethylene in plants (Yang and Hoffman, 1984), into ammonia and
α-ketobutyrate (Klee et al., 1991) by the rhizobacterial strain
carrying ACC-deaminase enzyme activity. Another possible
reason for the enhanced growth from the P16 inoculation is
the exopolysaccharide activity of bacteria that bind the sodium,
owing to its cementing properties, and decrease the availability
of Na+ for plant uptake (Ashraf et al., 2004; Kohler et al., 2006;
Nadeem et al., 2010). Our results are consistent with the findings
of Martínez et al. (2015), who noted significant improvement
in root and shoot dry weight of alfalfa under salt stress due to
bacterial inoculation. Although the combined application of Si
and PGPR for improving plant growth under saline conditions
has not been previously reported, the improved growth and
yield of mung bean might be due to a synergistic effect of Si
and PGPR under salinity stress. However, Garg and Bhandari
(2015) reported that combined application of Si and arbuscular
mycorrhiza complemented each other to improve the growth and
biomass production of Cicer arietinum under salt stress.
Production of small and thick leaves (i.e., a reduction in leaf
surface area) under salinity stress has been recognized as an
adaptation strategy to reduce water loss (Acosta-Motos et al.,
2015). In the current study, the leaf areas were higher for plants
treated with Si and rhizobacteria than for untreated plants. An
increase in leaf area after the application of Si has also been
reported in canola (Farshidi et al., 2012), sorghum (Yin et al.,
2013), and wheat (Chen et al., 2014). It has also been reported
that PGPR-treated Cucumis sativus plants counteract the adverse
effects of salt stress by producing low levels of abscisic acid,
which results in a significant increase in leaf area (Kang S. M.
et al., 2014). A significant increase in leaf area was also noted for
bacterized maize under stress conditions (Naveed et al., 2014).
In our study, foliar spray of Si and bacterial inoculation
improved the STI of mung bean. The improvement in the
STI might be due to the Si-mediated alteration of the plants’
physiology (Shi et al., 2013; Abbas et al., 2015), which led
to higher biomass yield. The increased STI of mung bean is
correlated with the bacterial production of exopolysaccharides,
which might have altered the rhizosphere of the mung beans by
creating a biofilm on the root surface, resulting in improved water
and nutrient availability. This proposed explanation is consistent
with the results of Hussain et al. (2014), who reported better
drought tolerance index for inoculated maize seedlings than for
an uninoculated control.
In conclusion, the present study comprehensively quantified
the effect of salinity on the physiology, growth, and yield of
mung bean. Moreover, foliar sprays of Si (1 and 2 kg ha−1) and
two promising PGPRs (E. cloacae and B. drentensis) from the
harsh natural saline conditions of Saudi Arabia were assessed
for their ability to mitigate the adverse effects of salinity.
The present study revealed that 2 kg Si ha−1 with the PGPR
strain B. drentensis was the most effective combination for
improving gaseous exchange, water relations, photosynthetic
pigments, growth, and seed yield for mung bean under saline
irrigation conditions. Moreover, the combined use of Si and
PGPR showed an additive effect and represents an improved
strategy for the amelioration of salinity stress in mung bean.
Our research suggests that the combined use of Si and PGPR
in agricultural is a sustainable strategy for the alleviation of
salinity stress in mung bean. Further studies are required to
explore the effect of Si on microbial gene expression and plant
biochemistry, and to test whether the application of Si and PGPR
might be a general strategy to improve stress tolerance of other
crops.
AUTHOR CONTRIBUTIONS
SM, ID, SA, and SA designed and executed the experiments.
MM, SM, and SA carried out the lab work regarding chlorophyll
measurement, relative water content, and electrolyte leakage. MY
and ID were involved in rhizobacteria isolation, characterization
and identification. SM and ID performed statistical analysis
and wrote the manuscript. HH, SA, and ZA provided
throughout technical support and helped in concluding the
manuscript.
ACKNOWLEDGMENTS
This article was funded by the Deanship of Scientific Research
(DSR), King Abdulaziz University, Jeddah. The author, therefore,
acknowledge with thanks DSR technical and financial support.
Frontiers in Plant Science | www.frontiersin.org 11 June 2016 | Volume 7 | Article 876
Mahmood et al. Salinity Tolerance in Mung Bean
REFERENCES
Abbas, T., Balal, R. M., Shahid, M. A., Pervez, M. A., Ayyub, C. M., Aqueel, M. A.,
et al. (2015). Silicon-induced alleviation of NaCl toxicity in okra (Abelmoschus
esculentus) is associated with enhanced photosynthesis, osmoprotectants and
antioxidantmetabolism.Acta Physiol. Plant. 37, 1–15. doi: 10.1007/s11738-014-
1768-5
Abdel Latef, A. A., and Tran, L.-S. P. (2016). Impacts of priming with silicon on the
growth and tolerance of maize plants to alkaline stress. Front. Plant Sci. 7:243.
doi: 10.3389/fpls.2016.00243
Acosta-Motos, J. R., Diaz-Vivancos, P., Alvarez, S., Fernandez-Garcıa, N., Sanchez-
Blanco, M. J., and Hernandez, J. A. (2015). Physiological and biochemical
mechanisms of the ornamental Eugenia myrtifolia L. plants for coping with
NaCl stress and recovery. Planta 242, 829–846. doi: 10.1007/s00425-015-2
315-3
Ahmad, M., Zahir, Z. A., Asghar, H. N., and Arshad, M. (2012). The combined
application of rhizobial strains and plant growth promoting rhizobacteria
improves growth and productivity of mung bean (Vigna radiata L.) under
salt-stressed conditions. Ann. Microbiol. 62, 1321–1330. doi: 10.1007/s13213-
011-0380-9
Ahmad, M., Zahir, Z. A., Asghar, H. N., and Asghar, M. (2011). Inducing
salt tolerance in mung bean through co-inoculation with rhizobia and
plant-growth-promoting rhizobacteria containing 1-aminocyclopropane-1-
carboxylate-deaminase. Can. J. Microbiol. 57, 578–589. doi: 10.1139/w11-044
Ahmad, M., Zahir, Z. A., Khalid, M., Nazli, F., and Arshad, M. (2013). Efficacy of
Rhizobium and Pseudomonas strains to improve physiology, ionic balance and
quality of mung bean under salt-affected conditions on farmer’s fields. Plant
Physiol. Biochem. 63, 170–176. doi: 10.1016/j.plaphy.2012.11.024
Ahmad, P., Abdel Latef, A. A., Abd_Allah, E. F., Hashem, A., Sarwat, M.,
Anjum, N. A., et al. (2016). Calcium and potassium supplementation enhanced
growth, osmolyte secondary metabolite production, and enzymatic antioxidant
machinery in cadmium-exposed chickpea (Cicer arietinum L.). Front. Plant Sci.
7:513. doi: 10.3389/fpls.2016.00513
Al-Karaki, G. N. (2006). Nursery inoculation of tomato with arbuscular
mycorrhizal fungi and subsequent performance under irrigation with saline
water. Sci. Hortic. 109, 1–7. doi: 10.1016/j.scienta.2006.02.019
Angelakis, E., Yasir, M., Azhar, E. I., Papadioti, A., Bibi, F., Aburizaiza, A. S., et al.
(2014). MALDI-TOF mass spectrometry and identification of new bacteria
species in air samples from Makkah, Saudi Arabia. BMC. Res. Notes 7:892. doi:
10.1186/1756-0500-7-892
Arnon, D. I. (1949). Copper enzymes in isolated chloroplasts polyphenoloxidase in
Beta vulgaris. Plant Physiol. 24, 1–15. doi: 10.1104/pp.24.1.1
Arruda, L., Beneduzi, A., Martins, A., Lisboa, B., Lopes, C., Bertolo, F., et al.
(2013). Screening of rhizobacteria isolated from maize (Zea mays L.) in
Rio Grande do Sul State (South Brazil) and analysis of their potential to
improve plant growth. Agric. Ecosyst. Environ. Appl. Soil Ecol. 63, 15–22. doi:
10.1016/j.apsoil.2012.09.001
Ashraf, M., Berge, S. H., and Mahmood, O. T. (2004). Inoculating wheat
seedlings with exopolysaccharide-producing bacteria restricts sodium uptake
and stimulates plant growth under salt stress. Biol. Fertil. Soils 40, 157–162. doi:
10.1007/s00374-004-0766-y
Barnawal, D., Bharti, N., Maji, D., Chanotiya, C. S., and Kalra, A. (2014).
ACC deaminase-containing Arthrobacter protophormiae induces NaCl stress
tolerance through reduced ACC oxidase activity and ethylene production
resulting in improved nodulation and mycorrhization in Pisum sativum.
J. Plant Physiol. 171, 884–894. doi: 10.1016/j.jplph.2014.03.007
Bybordi, A. (2014). Interactive effects of silicon and potassium nitrate in improving
salt tolerance of wheat. Int. J. Agric. 13, 1889–1899. doi: 10.1016/S2095-
3119(13)60639-5
Camargo, F. A. O., Bento, F. M., Okeke, B. C., and Frankenberger, W. T.
(2003). Chromate reduction by chromium resistance bacteria isolated from
soils contaminated with dichromate. J. Environ. Qual. 32, 1228–1233. doi:
10.2134/jeq2003.1228
Chedlia, B. A., Bechi, B. R., and Boukhris, M. (2007). Effect of water deficit on olive
trees cv. chemlali under field conditions in arid region in Tunisia. Sci. Hortic.
113, 267–277. doi: 10.1016/j.scienta.2007.03.020
Chen, D., Yin, L., Deng, X., and Wang, S. (2014). Silicon increases salt tolerance
by influencing the two-phase growth response to salinity in wheat (Triticum
aestivum L.). Acta Physiol. Plant. 36, 2531–2535. doi: 10.1007/s11738-014-
1575-z
Decagon (2011). Leaf Porometer Upgraded Model Sc-1. Pullman, WA: Decagon
Devices, Inc.
del Amor, F., and Cuadra-Crespo, P. (2012). Plant growth-promoting bacteria as a
tool to improve salinity tolerance in sweet pepper. Funct. Plant Biol. 39, 82–90.
doi: 10.1071/FP11173
Dey, R., Pal, K. K., Bhatt, D. M., and Chauhan, S. M. (2004). Growth promotion
and yield enhancement of peanut (Arachis hypogaea L.) by application of
plant growth-promoting rhizobacteria. Microbiol. Res. 159, 371–394. doi:
10.1016/j.micres.2004.08.004
Ding, M., Hou, P., Shen, X., Wang, M., Deng, S., Sun, J., et al. (2010). Salt-induced
expression of genes related to Na+/K+ and ROS homeostasis in leaves of salt-
resistant and salt sensitive poplar species. Plant Mol. Biol. 73, 251–269. doi:
10.1007/s11103-010-9612-9
Fahad, S., Hussain, S., Matloob, A., Khan, F. A., Khaliq, A., Saud, S., et al. (2015).
Phytohormones and plant responses to salinity stress: a review. Plant Growth
Regul. 75, 391–404. doi: 10.1007/s10725-014-0013-y
Farshidi, M., Abdolzadeh, A., and Sadeghipour, H. R. (2012). Silicon nutrition
alleviates physiological disorders imposed by salinity in hydroponically grown
canola (Brassica napus L.) plants. Acta Physiol. Plant. 34, 1779–1788. doi:
10.1007/s11738-012-0975-1
Garg, N., and Bhandari, P. (2015). Silicon nutrition and mycorrhizal inoculations
improve growth, nutrient status, K+/Na+ ratio and yield of Cicer arietinum
L. genotypes under salinity stress. Plant Growth Regul. 78, 371–387. doi:
10.1007/s10725-015-0099-x
Gunes, A., Inal, A., Baci, E. G., and Pilbeam, D. J. (2007). Silicon-mediated changes
of some physiological and enzymatic parameters symptomatic for oxidative
stress in spinach and tomato grown in sodic-B toxic soil. Plant Soil 290,
103–114. doi: 10.1007/s11104-006-9137-9
Günes, A., Turan, M., Güllüce, M., and Sahin, F. (2014). Nutritional content
analysis of plant growth-promoting rhizobacteria species. Eur. J. Soil Biol. 60,
88–97. doi: 10.1016/j.ejsobi.2013.10.010
Haghighi, M., and Pessarakli, M. (2013). Influence of silicon and nano-silicon on
salinity tolerance of cherry tomatoes (Solanum lycopersicum L.) at early growth
stage. Sci. Hortic. 161, 111–117. doi: 10.1016/j.scienta.2013.06.034
Hodson, M. J., White, P. J., Mead, A., and Broadley, M. R. (2005). Phylogenetic
variation in the silicon composition of plants. Ann. Bot. 96, 1027–1046. doi:
10.1093/aob/mci255
Hussain, M. B., Zahir, Z. A., Asghar, H. N., and Mahmood, S. (2014). Scrutinizing
rhizobia to rescue maize growth under reduced water conditions. Soil Sci. Soc.
Am. J. 78, 538–545. doi: 10.2136/sssaj2013.07.0315
Jalili, F., Khavazi, K., Pazira, E., Nejati, A., Rahmani, H. A., Sadaghiani, H. R.,
et al. (2009). Isolation and characterization of ACC deaminase-producing
Fluorescent pseudomonads, to alleviate salinity stress on canola (Brassica napus
L.) growth. J. Plant Physiol. 166, 667–674. doi: 10.1016/j.jplph.2008.08.004
Kang, S. M., Joo, G. J., Hamayun, M., Na, C. I., Shin, D. H., Kim, Y. K., et al. (2009).
Gibberellin production and phosphate solubilization by newly isolated strain of
Acinetobacter calcoaceticus and its effect on plant growth. Biotechnol. Lett. 31,
277–281. doi: 10.1007/s10529-008-9867-2
Kang, S. M., Khan, A. L., Waqas, M., You, Y. H., Kim, J. H., Kim, J. G., et al.
(2014). Plant growth-promoting rhizobacteria reduce adverse effects of salinity
and osmotic stress by regulating phytohormones and antioxidants in Cucumis
sativus. J. Plant Interact. 9, 673–682. doi: 10.1080/17429145.2014.894587
Kang, S., Radhakrishnan, R., Khan, A. L., Kim, M., Park, J., Kim, B., et al. (2014).
Gibberellin secreting rhizobacterium, Pseudomonas putida H-2-3 modulates
the hormonal and stress physiology of soybean to improve the plant growth
under saline and drought conditions. Plant Physiol. Biochem. 84, 115–124. doi:
10.1016/j.plaphy.2014.09.001
Klee, H. J., Hayford, M. B., Kretzmer, K. A., Barry, G. F., and Kishore, G. M. (1991).
Control of ethylene synthesis by expression of a bacterial enzyme in transgenic
tomato plants. Plant Cell 3, 1187–1193. doi: 10.1105/tpc.3.11.1187
Kochanová, Z., Jašková, K., Sedláková, B., and Luxová, M. (2014). Silicon improves
salinity tolerance and affects ammonia assimilation in maize roots. Biologia 69,
1164–1171. doi: 10.2478/s11756-014-0411-7
Kohler, J., Caravaca, F., Carrasco, L., and Roldan, A. (2006). Contribution of
Pseudomonas mendocina and Glomus intraradices to aggregate stabilization
and promotion of biological fertility in rhizosphere soil of lettuce plants
Frontiers in Plant Science | www.frontiersin.org 12 June 2016 | Volume 7 | Article 876
Mahmood et al. Salinity Tolerance in Mung Bean
under field conditions. Soil Use Manag. 22, 298–304. doi: 10.1111/j.1475-
2743.2006.00041.x
Kudoyarova, G. R., Melentiev, A. I., Martynenko, E. V., Timergalina, L. N.,
Arkhipova, T. N., Shendel, G. V., et al. (2014). Cytokinin producing bacteria
stimulate amino acid deposition by wheat roots. Plant Physiol. Biochem. 83,
285–291. doi: 10.1016/j.plaphy.2014.08.015
Lee, S. K., Sohn, E. Y., Hamayun, M., Yoon, J. Y., and Lee, I. J. (2010). Effect of
silicon on growth and salinity stress of soybean plant grown under hydroponic
system. Agrofor. Syst. 80, 333–340. doi: 10.1007/s10457-010-9299-6
Li, H., Zhu, Y., Hu, Y., Han, W., and Gong, H. (2015). Beneficial effects of silicon
in alleviating salinity stress of tomato seedlings grown under sand culture. Acta
Physiol. Plant. 37, 1–9. doi: 10.1007/s11738-015-1818-7
Liu, P., Yin, L., Wang, S., Zhang, M., Deng, X., Zhang, S., et al. (2015). Enhanced
root hydraulic conductance by aquaporin regulation accounts for silicon
alleviated salt-induced osmotic stress in Sorghum bicolor L. Environ. Exp. Bot.
111, 42–51. doi: 10.1016/j.envexpbot.2014.10.006
Ma, J. F., and Yamaji, N. (2008). Functions and transport of silicon in plants. Cell
Mol. Life Sci. 65, 3049–3057. doi: 10.1007/s00018-008-7580-x
Mahajan, S., and Tuteja, N. (2005). Cold, salinity and drought stresses: an overview.
Arch. Biochem. Biophys. 444, 139–158. doi: 10.1016/j.abb.2005.10.018
Martínez, R., Espejo, A., Sierra, M., Ortiz-Bernad, I., Correa, D., Bedmar,
E., et al. (2015). Co-inoculation of Halomonas maura and Ensifer meliloti
to improve alfalfa yield in saline soils. App. Soil Ecol. 87, 81–86. doi:
10.1016/j.apsoil.2014.11.013
Marulanda, A., Azcon, R., Chaumont, F., Ruiz-Lozano, J. M., and Aroca, R.
(2010). Regulation of plasma membrane aquaporins by inoculation with a
Bacillus megaterium strain in maize (Zea mays L.) plants under unstressed and
salt-stressed conditions. Planta 232, 533–543. doi: 10.1007/s00425-010-1196-8
Masle, J., and Passioura, J. B. (1987). The effect of soil strength on the growth of
young wheat plants.Aust. J. Plant Physiol. 14, 643–656. doi: 10.1071/PP9870643
Mehta, S., and Nautiyal, C. S. (2001). An efficient method for qualitative
screening of phosphate solubilizing bacteria. Curr. Microbiol. 43, 51–58. doi:
10.1007/s002840010259
Nadeem, S. M., Zahir, Z. A., Naveed, M., Asghar, H. N., and Arshad, M. (2010).
Rhizobacteria capable of producing ACC-deaminase may mitigate the salt
stress in wheat. Soil Sci. Soc. Am. J. 74, 533–542. doi: 10.2136/sssaj2008.0240
Nadeem, S. M., Zahir, Z. A., Naveed, M., and Nawaz, S. (2013). Mitigation of
salinity-induced negative impact on the growth and yield of wheat by plant
growth-promoting rhizobacteria in naturally saline conditions. Ann. Microbiol.
63, 225–232. doi: 10.1007/s13213-012-0465-0
Naveed, M., Mitter, B., Reichenauer, T. G., Wieczorek, K., and Sessitsch, A. (2014).
Increased drought stress resilience of maize through endophytic colonization
by Burkholderia phytofirmans PsJN and Enterobacter sp. FD17. Environ. Exp.
Bot. 97, 30–39. doi: 10.1016/j.envexpbot.2013.09.014
Patten, C. L., and Glick, B. R. (2002). Role of Pseudomonas putida indole acetic
acid in development of the host plant root system. Appl. Environ. Microbiol. 68,
3795–3801. doi: 10.1128/AEM.68.8.3795-3801.2002
Penrose, D. M., and Glick, B. R. (2003). Methods for isolating and characterizing
ACC deaminase-containing plant growth-promoting rhizobacteria. Physiol.
Plant 118, 10–15. doi: 10.1034/j.1399-3054.2003.00086.x
Piromyou, P., Buranabanyat, B., Tantasawat, P., Tittabutr, P., Boonkerd, N.,
and Teaumroong, N. (2011). Effect of plant growth promoting rhizobacteria
(PGPR) inoculation on microbial community structure in rhizosphere of
forage corn cultivated in Thailand. Eur. J. Soil Biol. 47, 44–54. doi:
10.1016/j.ejsobi.2010.11.004
Porcel, R., Aroca, R., and Ruiz-Lozano, J. M. (2012). Salinity stress alleviation using
arbuscular mycorrhizal fungi. A review. Agron. Sustain. Dev. 32, 181–200. doi:
10.1007/s13593-011-0029-x
Principe, A., Alvarez, F., Castro, M. G., Zachi, L., Fischer, S. E., Mori, G. B., et al.
(2007). Biocontrol and PGPR features in native strains isolated from saline soils
of Argentina. Curr. Microbiol. 55, 314–322. doi: 10.1007/s00284-006-0654-9
Qi, W., and Zhao, L. (2013). Study of the siderophore-producing Trichoderma
asperellum Q1 on cucumber growth promotion under salt stress. J. Basic
Microbiol. 53, 355–364. doi: 10.1002/jobm.201200031
Richardson, A. E., Barea, J. M., McNeill, A. M., and Combaret, C. P. (2009).
Acquisition of phosphorous nitrogen in the rhizosphere and plant growth
promotion by microorganism. Plant Soil 321, 305–339. doi: 10.1007/s11104-
009-9895-2
Romero-Aranda, M. R., Jurado, O., and Cuartero, J. (2006). Silicon alleviates the
deleterious salt effect on tomato plant growth by improving plant water status.
J. Plant Physiol. 163, 847–855. doi: 10.1016/j.jplph.2005.05.010
Ryan, J., Estefan, G., and Rashid, A. (2001). Soil and Plant Analysis Laboratory
Manual, 2nd Edn. Aleppo: International Center for Agriculture in Dry Areas
(ICARDA), 172.
Saravanakumar, D., and Samiyappan, R. (2007). ACC deaminase from
Pseudomonas fluorescens mediated saline resistance in groundnut
(Arachis hypogea) plants. J. Appl. Microbiol. 102, 1283–1292. doi:
10.1111/j.1365-2672.2006.03179.x
Sarwar, M., Arshad, M., Martens, D. A., and Frankenberger, W. T. Jr. (1992).
Tryptophan dependent biosynthesis of auxins in soil. Plant Soil 147, 207–215.
doi: 10.1007/BF00029072
Schwyn, B., and Neilands, J. B. (1987). Universal chemical assay for the
detection and determination of siderophores. Anal. Biochem. 160, 47–56. doi:
10.1016/0003-2697(87)90612-9
Shetty, G., Hetrick, D., and Schwat, P. (1995). Effects of mycorrhizal fertilizers
amendments on zinc tolerance of plants. Environ. Pollut. 88, 308–314. doi:
10.1016/0269-7491(95)93444-5
Shi, Y., Wang, Y., Flowers, T. J., and Gong, H. (2013). Silicon decreases chloride
transport in rice (Oryza sativa L.) in saline conditions. J. Plant Physiol. 170,
847–853. doi: 10.1016/j.jplph.2013.01.018
Steel, R. G. D., Torrie, J. H., and Dicky, D. A. (1997). Principles and Procedures of
Statistics—A Biometrical Approach, 3rd Edn. New York, NY: McGraw-Hill.
Tamura, K., Stecher, G., Peterson, D., Filipski, A., and Kumar, S. (2013). MEGA6:
Molecular evolutionary genetics analysis version 6.0. Mol. Biol. Evol. 30,
2725–2729. doi: 10.1093/molbev/mst197
Teulat, B., Zoumarou-Wallis, N., Rotter, B., Ben Salem, M., Bahri, H., and This, D.
(2003). QTL for relative water content in field-grown barley and their stability
across Mediterranean environments. Theor. Appl. Genet. 108, 181–188. doi:
10.1007/s00122-003-1417-7
Torres, M. J., Hidalgo-Garcia, A., Bedmar, E. J., and Delgado, M. J. (2013).
Functional analysis of the copy 1 of the fixNOQP operon of Ensifer meliloti
under free-living micro-oxic and symbiotic conditions. J. Appl. Microbiol. 114,
1772–1781. doi: 10.1111/jam.12168
Tuna, A. L., Kaya, C., Higgs, D., Murillo-Amador, B., Aydemir, S., and Girgin, A. R.
(2008). Silicon improves salinity tolerance in wheat plants. Environ. Exp. Bot.
62, 10–16. doi: 10.1016/j.envexpbot.2007.06.006
Vessey, J. K. (2003). Plant growth promoting rhizobacteria as biofertilizers. Plant
Soil 255, 571–586. doi: 10.1023/A:1026037216893
Vincent, J. M. (1970). A Manual for the Practical Study of Root-Nodule Bacteria.
Oxford: Blackwell Scientific.
Wang, S., Wang, F., and Gao, S. (2015). Foliar application with nano-silicon
alleviates Cd toxicity in rice seedlings. Environ. Sci. Pollut. Res. 22, 2837–2845.
doi: 10.1007/s11356-014-3525-0
Won-I, K., Cho, W. K., Kim, S. N., Chu, H., Ryu, K. Y., Yu, J. C., et al. (2011).
Genetic diversity of cultivable plant growth-promoting rhizobacteria in Korea.
J. Microbiol. Biotechnol. 21, 777–790. doi: 10.4014/jmb.1101.01031
Wu, H., Shabala, L., Zhou, M., Stefano, G., Pandolfi, C., Mancuso, S., et al. (2015).
Developing and validating a high-throughput assay for salinity tissue tolerance
in wheat and barley. Planta 242, 847–857. doi: 10.1007/s00425-015-2317-1
Yang, G., Rhodes, D., and Joly, R. J. (1996). Effect of high temperature
on membrane stability and chlorophyll fluorescence in glycinebetaine-
containing maize lines. Aust. J. Plant Physiol. 23, 431–443. doi: 10.1071/PP99
60437
Yang, S. F., and Hoffman, N. E. (1984). Ethylene biosynthesis and its
regulation in higher plants. Annu. Rev. Plant Physiol. 35, 155–189. doi:
10.1146/annurev.pp.35.060184.001103
Yasir, M., Aslam, Z., Kim, S. W., Lee, S. W., Jeon, C. O., and Chung, Y. R.
(2009). Bacterial community composition and chitinase gene diversity of
vermicompost with antifungal activity. Bioresour. Technol. 100, 4396–4403. doi:
10.1016/j.biortech.2009.04.015
Yin, L., Wang, S., Li, J., Tanaka, K., and Oka, M. (2013). Application of silicon
improves salt tolerance through ameliorating osmotic and ionic stresses in
the seedling of Sorghum bicolor. Acta Physiol. Plant. 35, 3099–3107. doi:
10.1007/s11738-013-1343-5
Yin, L., Wang, S., Liu, P., Wang, W., Cao, D., Deng, X., et al. (2014). Silicon-
mediated changes in polyamine and 1-aminocyclopropane-1-carboxylic acid
Frontiers in Plant Science | www.frontiersin.org 13 June 2016 | Volume 7 | Article 876
Mahmood et al. Salinity Tolerance in Mung Bean
are involved in silicon-induced drought resistance in Sorghum bicolor L. Plant
Physiol. Biochem. 80, 268–277. doi: 10.1016/j.plaphy.2014.04.014
Yue, H. T., Mo, W. P., Li, C., Zheng, Y. Y., and Li, H. (2007). The salt stress relief
and growth promotion effect of Rs-5 on cotton. Plant Soil 297, 139–145. doi:
10.1007/s11104-007-9327-0
Zahir, Z. A., Arshad, M., and Frankenberger, W. T. Jr. (2004). Plant growth
promoting rhizobacteria application and perspectives in agriculture. Adv.
Agron. 81, 96–168. doi: 10.1016/S0065-2113(03)81003-9
Zhang, S., Reddy, M., and Kloepper, J. (2004). Tobacco growth enhancement
and blue mold disease protection by rhizobacteria: relationship between plant
growth promotion and systemic disease protection by PGPR strain 90–166.
Plant Soil 262, 277–288. doi: 10.1023/B:PLSO.0000037048.26437.fa
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Mahmood, Daur, Al-Solaimani, Ahmad, Madkour, Yasir,
Hirt, Ali and Ali. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these
terms.
Frontiers in Plant Science | www.frontiersin.org 14 June 2016 | Volume 7 | Article 876
